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ABSTRACT
Given the frequent cost overruns and schedule delays associated with underground construction
projects, it is imperative that a detailed estimate of both be developed and considered prior to
starting construction. The Decision Aids for Tunnelling (DAT) allow engineers to consider the
uncertainties associated with project ground conditions, construction activities, and problem
events, and to determine distributions of total cost and time for completion of construction. This is
done by simulating the geological conditions in each DAT simulation and then using the resulting
conditions in further simulations of construction processes. As each simulation will only produce
one resulting point with a value for cost and a value for time, numerous simulations must be run by
the DAT in order to produce a complete scattergram with a distribution of total possible costs and
duration.
This thesis utilizes the DAT to develop a distribution for the total cost and duration of constructing
the New York City Number 7 Subway Line Extension Project's Running Tunnels using a tunnel
boring machine. The results will show the applicability of the DAT, given pre-construction geologic
information and post-construction TBM progress data but only total cost. As is to be expected,
subsurface conditions were limited to pre-construction baseline information. Despite these
limitations, use of available data by the DAT generated a scattergram, forecasting a range of
possible cost and duration outcomes.
Thesis Supervisor: Herbert H. Einstein
Professor of Civil & Environmental EngineeringTitle:
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1 Introduction
1.1 Decision Aids for Tunneling (DAT)
Much consideration and decision making must go into large infrastructure projects with high public
profiles that require large budgets. A common risk of large construction projects is their tendency
to run over budget and beyond an allotted time frame (Moret, 2011; Flyvbjerg et al., 2002). This is
even more so for underground construction, as it is a high-risk endeavor, as a consequence of
factors such as the limited predictability of ground conditions, potential presence of large quantities
of water, and limited space in which to work. These uncertainties are particularly important as
large sunk costs are required in terms of machinery and even larger sunk costs in the event that
there are unstable ground conditions that must be remediated. It is therefore imperative for such
large projects to have reliable construction cost and time estimates.
The time and budget required for tunneling are characterized by uncertainties, and the
identification and treatment of uncertainties in engineering has evolved over time, from field
exploration and other data collection, to developing deterministic and probabilistic models, to
simulations of possible geologic and construction conditions. All of these uncertainties need to be
considered in the final decision of whether a project is to be built or not. The Decision Aids for
Tunneling (DAT) (Einstein, 2001), have made this process of identifying and simulating
uncertainties in tunneling a more straightforward process.
In this thesis, the DAT are applied to the current New York City expansion of the Number 7 Subway
Line. Using information provided about the geology of Manhattan, it is shown that TBM mining
rates varied with the rock mass quality and were further impacted by the presence of quartz. The
obtained descriptions of geology can produce geotechnical profiles, indicating the probabilities of
particular geologic conditions occurring with associated transitioning probabilities.
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1.2 New York City Number 7 Subway Line Extension Project
Starting in 1904, the subway has shaped New York City's development and sustained its global
competitiveness in a way that rapidly transformed the city into the leading metropolis of the United
States. As growth was severely limited by Manhattan's surrounding waterways, continuous
improvements in the transportation infrastructure allowed the city to overcome the challenging
geography and reach into undeveloped areas (Figure 1-1). Developers followed new subway lines
and extensions to construct affordable housing for middle and working class families. With the
continual expansion of the New York Subway System, the Flushing Line (also known as the Number
7 Line) was extended in 1917 along Queens Boulevard, reaching into the rural landscape of Queens,
and spurring intense residential, commercial, and industrial development (Jablonski, 2006).
Figure 1-1: Map of New York City's Flushing Line in 1917
Original image courtesy of: http://mrbiggs.com/wp-content/uploads/2010/05/nyc-subwayold.jpg
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In the attempt to keep New York City competitive as a global city for future generations, the city
believes that redevelopment of certain areas is necessary. Currently, the Hudson Yards area is the
only large, underutilized area in Manhattan where Midtown can expand without encroaching on
densely built-up residential communities (Figure 1-2). Currently fewer than 150 housing units are
located west of Tenth Avenue between West 28th and 41st streets, and a large portion of this area is
occupied by open parking and utility storage lots. This underutilization occurs because the area is
inaccessible by public transportation. The developable land, and its proximity to midtown and to
the waterfront, are all assets that make the Hudson Yards an optimal choice for the subway line
expansion. Hence, this area provides the greatest opportunity for redevelopment, which is
precisely what the new No. 7 Subway line extension is intended to achieve.
10
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Figure 1-2: Manhattan Census Data (2000)
Original image courtesy of: http://2010.census.gov/2010census/popmap/
Although office and residential development are crucial to the vitality of Manhattan, the Jacob Javits
Convention Center plays an equally important role, as it attracts thousands of visitors each year,
pulling millions of dollars into the local economy. As shown in Figure 1-3, the Javits Convention
Center was the 15th largest conference facility in North America as of 2002; however, difficulty in
transportation to and from the Convention Center limits its attractiveness. Thus, in an attempt to
bring more visitors to the Convention Center and to maximize ridership, the city chose an
11
alignment which runs along 41st Street and turns onto 11th Avenue, continuing past 34th Street, as
shown in Figure 1-4, where the Javits Center is located. The decision for the new station to be
located at 34th Street was influenced by the same reasoning, as the Convention Center's plans
(pending fund allocations) to expand their facilities will further serve to attract an increasing
number of visitors to the West Side.
Figure 1-3: National Ranking of Conventions as of 2002
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Figure 1-4: Tunnel Alignment with new Station
In October 2007, the Flushing Line, which by then was known as the No. 7 Subway Line and
provided service between Main Street in downtown Flushing and Times Square in Manhattan,
began its next extension project-into the underdeveloped west side of Manhattan. The project, as
proposed by New York City's Metropolitan Transit Authority (MTA), was to add 1.5 miles of twin-
bored tunnels to the existing subway line, extending the No. 7 line from Times Square Station
between 7th and 8th Avenues westward beneath the Port Authority Bus Terminal and 41st Street,
turning south at 11th Avenue, and terminating between 25th and 24th Streets. The tunnel alignment
is located about 800 feet east of the current eastern shore of the Hudson River (see Figure 1-5).
13
IFigure 1-5: Number 7 Subway Line Extension Project Site Plan
14
41
As shown in Figure 1-6, the project site of the No. 7 Subway Line is in close proximity to multiple
subsurface structures, including the Amtrak and New Jersey Transit tunnels, the Lincoln Tunnel,
and the Empire Line Tunnel. It is therefore imperative that construction impacts on the
surrounding area be kept to an absolute minimum, especially for existing structures. In spite of the
many difficulties and complexities of the project, the project (as of early 2012) had remained within
the allocated budget and on schedule.
Figure 1-6: Project Site Proximity to Subsurface Structure
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2 The Decision Aids for Tunneling (DAT)
2.1 Background
Underground construction involves multiple risks. These stem from a host of sources (Moergeli,
2004):
* Unpredictability of rock and ground
e Presence of unforeseen water in large quantities
" Limited space underground (especially in large metropolitan cities)
e Limited amounts of light and air available
e High construction noise
" High temperatures
* High moisture content
In addition to these risks associated with underground construction is the need to maintain a good
public image, as these projects generally have high public profiles and involve large capital
investments. Detailed work schedules are necessary so that the project schedule may be optimized
to produce immediate revenue generation upon completion. It is therefore crucial for such projects
to have reliable construction cost and time estimates. Over the years there have been many
examples of large projects with cost and time overruns, which in turn lead to eventual blame placed
on management (Reilly, 2004).
Tunneling in particular is characterized by uncertainty. The identification and treatment of
uncertainties in geotechnical engineering have evolved over time. From the initial phase of
collecting information through site exploration and field testing, to developing deterministic and
probabilistic models, to risk assessment and updating, finally leading up to the final decision-
many considerations go into the final decision of whether a project is worthy of the proposed
construction time and cost or not. The following section will discuss the process of recognizing
uncertainties leading to the development of the Decision Aids for Tunneling (DAT), followed by
examples of prior use of the DAT in assessing constructibility and resource management of projects.
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Please note that the following explanations of the DAT model and its background are based on prior
research and literature.
In the initial phase of collecting data, the exploratory borings and laboratory testing lead to the
characterization of ground conditions. This information, which may be either qualitative or
quantitative, is intended to minimize uncertainty of the project's ground characteristics. These
uncertainties involve: 1) spatial variability of the geology; 2) limitations in techniques of
measurement and testing that lead to errors; 3) limitations of idealizing the behavior of geologic
materials; and 4) omissions of data by the data collector. Due to the subjectivity of these ground
characteristics, uncertainties are introduced which cannot be completely eliminated (Einstein and
Baecher, 1982, 1983).
Additional errors due to sample disturbance and statistical fluctuations are introduced in data
collection and can be expressed in the probabilistic model. Models are generally simplifications of
the in-situ conditions, and as such, their uncertainty should not be considered independent of other
factors. In fact, development of details in order to reduce model uncertainty often compromises the
uncertainty in other areas, since models with more detail require additional parameters, which are
equally likely to be subject to additional parametric uncertainties (Einstein, 2003).
Assuming that data collection and subsequent development of a deterministic model along with
sensitivity analyses are successfully completed, developing the probabilistic model will allow one to
isolate numerous chosen parameters of the model and examine the variations therein without
altering other initial ground conditions.
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2.2 DAT Methodology
The Decision Aids for Tunneling (DAT), which are an interactive web-based computer program that
allow one to estimate cost and time as well as other related information including uncertainties.
Incorporating uncertainties is an essential capability of the tool, providing a more realistic estimate
than relying on simple albeit conservative values.
These uncertainties affect tunnel construction cost and time, as well as resources required and
produced. The DAT are capable of using standard information which may otherwise be used by
tunnel designers or contractors, and of incorporating uncertainties into each input parameter in a
way that produces distributions of construction cost, construction time, and resources required.
The DAT consist of two major components (Einstein, 2004):
- Simulation of Geology
- Construction Simulation and Construction Management
As stated by Einstein in "The Decision Aids for Tunneling (DAT) - An Update":
The description of geology produces probabilistic geologic/geotechnical profiles.
The input is based on geologic information provided by geologists and engineers
obtained from typical geological explorations. The profiles which indicate the
probabilities of particular geologic conditions occurring at a particular tunnel
location are usually obtained through a combination of objective information and
subjective estimates of experts. Specifically, the average length of geologic
(geotechnical) parameter states and their transition probabilities are estimated. For
instance, for the parameter lithology, one estimates the average length of parameter
states, such as 'granite', 'phyllite', and 'schist' as well as the probability that phyllite
follows granite, schist follows granite, etc (Table 2-1). Subsequently the DAT use
this information to simulate a possible profile for each parameter. The profiles for
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all parameters are then combined in ground class profiles. A number of such
profiles (each being different) are simulated to represent the whole range of
possible geologic conditions. Hence, this is very similar to what one does in
standard tunnel design, i.e. determining a ground class profile. The difference is that
there is now a distribution of ground class profiles reflecting the uncertainty in
geological conditions (Einstein, 2004).
Table 2-1: Parameter Estimating in Tunnelling - Gotthard Base Tunnel (Einstein, 2003)
Gneiss Schist Phyllite Transition Probability
granite
Zone (i) (M) (m) G-+S G-+P S-+G S-*P P-+G P-+S
Aar 1 190 10 -
intschi 35 530 10 .90 .10 .10 .90 .10 .90
Aar2 - -
Sd. Schief. 90 65 0
Gott Nord 90 30 10 1.0 .00 .25 .75 1.0 .00
Gott Sud 500 50 10 .90 .10 .70 .30 .70 .30
Lucomagno 30 70 10 .90 .10 .80 .20 .10 .90
Leventina 5000 50 -
Left Side: Estimated Length of Lithology Parameter
Right Side: Transition Matrix
In the construction simulation, a method is assigned to each combination of geometry and ground
class and assigns that method a probability of being used (Figure 2-1). A given construction
method and geometry will require certain activities, which are organized into an activity network
within which the user specifies equations for cost and time of each activity. The DAT solve these
equations to obtain values for cost and time of each activity, given the specified conditions.
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Tunnel network0 -10o
0 km 5 km 10 km
Ground class IGC5I GC4 GC1 GC2 GC3 IGC51
Construction method CM-A CM-B CM-C CM-D CM-A
Figure 2-1: Superposition of Tunnel Network and Ground Class Profile to determine Construction Method
(Moret, 2011)
Tunnel construction methods define the tunnel cross sections, initial and permanent support, and
the excavation method that are best suited for a particular ground class. The relationship between
tunneling methods and construction cost and advance rates should be defined by the user, based
on probabilistic distributions for cost and advance rate for each method (Einstein, 2001).
The level of detail of the input parameters depends on the project but can be defined by the user. It
is common for one to associate advance rates with cost per linear meter of each tunneling method,
but it is also possible to describe each round to include all of the individual activities involved,
including drilling, loading, blasting, etc. (Einstein, 2003).
To summarize what has been explained above: The DAT generate the construction process based
on a multi-stage Monte Carlo simulation procedure. After defining a round length and the number
of rounds in a process, an initial ground class profile is generated as one of many probabilistically
possible profiles and related to a corresponding tunneling method with associated cost and time
equations. Each round generates a time and cost; hence proceeding round by round through the
tunnel ensures that a total cost and total time may be determined by summing up all of the
generated time and cost values. One full simulation of a full-length tunnel represents one point on
the time-cost scattergram. In order to produce a full scattergram (Figure 2-2), the procedure must
be repeated through additional simulations of geology and construction.
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Figure 2-2: Total Construction Time-Cost Scattergram (Einstein, 2003)
Additional factors the user may wish to prescribe within the model include time delays caused by
method changes, learning curves, rail placement, and working and maintenance shift
arrangements. Also, the DAT enable the user to model the construction of the entire tunnel system
using multiple tunnels, shafts, and features.
Another capability of the DAT is that the model may be updated and refined any time additional
information is obtained (Figures 2-3, -4, and -5). Such information reduces the scatter and thus the
risk. The principle of reducing uncertainty through acquiring further information is well known in
decision analysis (Haas and Einstein, 2002). One can even determine, prior to collecting more
information, if the reduction in uncertainty is worth the costs of collecting the information.
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Figure 2-3: Time-Cost Scattergram for Initial Input - Tunnel Before Construction Start
(Haas and Einstein, 2002)
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Figure 2-4: Time-Cost Scattergram for Partially Updated Input - Tunnel After Some Excavation
(Haas and Einstein, 2002)
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Figure 2-5: Time-Cost Scattergram for Fully Updated Input - Tunnel After More Excavation has Taken Place
(Haas and Einstein, 2002)
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Uncertainty is also reduced during the construction process since the geologic conditions become
known and the actual performance (time, cost) can be used and recorded to refine the prediction
for the remaining unexcavated portion (Figure 2-6). In other words, one uses the observed
information to update the predictions for the as yet excavated part, which leads to a further
reduction of uncertainty (Haas and Einstein, 2002).
a)
b)
Figure 2-6: Reduction in Uncertainty a) only by replacing predicted progress with actual progress;
b) by additionally refining the prediction based on observations (Haas and Einstein, 2002)
2.3 Prior Use of the DAT
The versatility and applicability of DAT may be best illustrated through examples of prior
applications which will be summarized in the following sections. The following section will provide
examples of prior usage of the DAT and an overview of how the DAT was used for each of these
projects.
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2.3.1 The Portuguese High Speed Rail Tunnel (Moret, 2011)
Incorrect estimations of time and cost of rail line construction are often the largest obstacles of the
project. In a study of modeling cost and time uncertainty in rail line construction, Moret explains
the construction process of rail lines and develops models that can simulate the construction and
determine the sources of uncertainty of four main structure types: tunnels, viaducts, cuts and
embankments of rail lines. Moret then applies the construction and uncertainty models by
simulating uncertainties of the Portuguese High Speed Rail Tunnel, which is used to determine the
models' accuracy and feasibility.
The DAT simulation tool was used to simulate rail line construction, in particular tunnels, viaducts,
and cuts and embankments. These components differ considerably due to the nature of their
functions. Tunnels are modeled as a single-activity network that includes excavating and
supporting as its primary constituents. Viaducts are modeled as a variable activity network
dependent on which of the three construction methods are used, whether balanced cantilever, span
by span, or launching. Cuts and embankments are modeled together as a sequence of two structures
that share processes. Cut construction is comprised of clearing the soil, excavation, capping, and
placing the sub-ballast. Embankments include clearing the soil, improving in-situ material, filling,
capping, and placing the sub-ballast.
The DAT framework was modified from its original tunnel framework in order to be applied to
viaducts as well as cuts and embankments. Viaducts are uniquely identified by geology and ground
class, while parameters for cuts describe the percentage excavated with blasting, and parameters
for embankments determine the need for ground improvement below the embankment.
For modeling purposes, the sources of uncertainty were defined as follows: 1) variability in the
construction process, 2) correlation between construction costs, and 3) the occurrence of
24
disruptive events. Lognormal probability distributions were used to model the variability of cost,
while triangular probability distributions were used for time. The probability distributions used to
model the variability and the impacts of disruptive events are introduced into the model. Then, the
disruptive events and their probability of occurrence are modeled. The lognormal distribution used
in the DAT is defined by three factors, the minimum, the mode, and the known percentile of
distribution (Figure 2-7). With these inputs, the DAT produced the mean and standard deviation
based on the normal distribution.
mode
lognormal( ,a)
(100% - percent)
minimum percentile
Figure 2-7: Lognormal distribution given the minimum, mode, and percentile of the distribution (Moret, 2011)
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2.3.2 The Sucheon Tunnel in Korea (Min, 2003)
The Sucheon tunnel project is a road tunnel consisting of two parallel tunnels which lie between
Dolsan and Soonchon in Korea (Figure 2-8). Of these two tunnels, the Soonchon tunnel, running
1910 m, was to be built in the direction of Soonchon, while the Dolsan tunnel, spanning 1900 m,
was to be built in the direction of Dolsan. DAT simulations were done in three phases as part of the
construction process for the Sucheon Tunnel Project: phase 1, DAT simulation with initial data;
phase 2, DAT simulation with follow-up data provided by the client; and phase 3, simulation based
on feedback from the client.
Tunnel beginN
Namhae Chemical Co.
Local road 859
Tunnel end
Figure 2-8: Plan View of the Sucheon Tunnel (Min, 2003)
The initial simulation was performed with limited data. Detailed information on the construction
was unavailable; therefore assumptions were made in order to run the model. For modeling
purposes, the Sucheon tunnel geology was divided into 8 areas, which were broken down into 23
zones depending on geology. Each zone was assigned a ground class, which was used to determine
the construction methodology. Construction methodology depends on the combination of ground
classes and tunnel geometry. The construction method is defined by cycle length, advance rate and
cost. Multiple simulations were conducted to sufficiently include all of the data mentioned
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previously. Each case has a different probability of completing the construction within the project
deadline.
The second DAT simulation (Study II with additional data) contained further information such as
construction cost for each method, tunnel excavation directions, and sequencing of tunnel
construction. 900 simulations were performed in Study II and input values were compared with
those in Study I (Table 2-2). Results of Study II are summarized in Table 2-3. The client's estimate
of total construction time was 605 days, and of total construction cost was 30,476,527,822 won.
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Table 2-2: Method variables for "initial data" and "follow-up data" (Min, 2003)
3.61 N/A 3.60 6,848,009
3.50 N/A 3.51 7,570,405
3.16 N/A 3.12 7,570,405
N/A (1.2) N/A 2.94 7,570,405
'N/A(1.0) N/A 2.78 7,570,405
2.92 N/A 2.96 7,969,888
2.68 (heading)
1.91 N/A 10,140.761
6.56 (bench)
2.40 (heading)
0.58 N/A 11,194,954
4.73 (bench)
2.18 (heading)
1.44 N/A 11,944,117
4.31 (bench)
3.08 N/A 3.12 7,202,979
10/3 N/A '13.32 4
'N/A (2.0) N/A 6.03 2,603,867
'N/A (2.0) N/A 8.64 2,603,867.
Table 2-3: Results of 900 simulations for Study II (Min, 2003)
32,508,212,367 32,703,345,453 33,321,817,213
The final simulations in Study III were performed with modifications of Study II incorporating
feedback provided by the client. The final alignment changed and the lining process differed
considerably from the first and second studies. The DAT simulation became more refined as the
client provided more feedback. As the model was updated, the results became more useful.
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The DAT simulation is a powerful tool in tunnel construction. After obtaining feedback from the
client, Study III produced results that could be used to analyze the relationship between time and
cost. Figures 2-9 and 2-10 depict the results for the right side of the main tunnel as time-cost scatter
plots. Using the DAT simulation, it was possible to determine that the right side of the tunnel would
control the total construction time of the entire tunnel.
The right side of the main tunnel- one time(different lengths)
1.13*10
1.12.+10 The right side of the Doisan tunnelThe right side of the Soonchon tunnel
1.11a+10
1.10e+10 
--
1.000410
1.08.+10 -. ~*
1.07+10
1.06e+10.
1.05e+10 - - -- -
1.04e+910
1,02*+110
616 620 625 630 63 640 645 650 6 680 65
Time (dya)
Right Swonchon Min Mean Max SWdv COV
Time 817 640 66 6.38 0.99%
Cost 10228346488 10696626386 10919607108 91961761 0.87%
Right Dosun Min Mean Max Stdev COV
Tm~e 620 641 80 6.18 0.96%
Cost 10478063813 10831682899 11112393218 8896674 0.82%
Figure 2-9: Time-cost scattergram for the right side of the main tunnel using one time simulation
(Min, 2003)
The right side of the main tunnel -one time(same lengths)
1.13e+10
1.12.+10 * The right side of the Dolsan tunnel
- The right aide of the Soonchon tunnel
1.110+10 -
1.10.+10 -7-
1.00+10j1.05.+10--
1.o-e+1o -
1.06e+10
1.04e+10
1.03e+10
1. 02e 10
G15 620 626 530 636 640 545 50 ass 5W 5as
Time (days)
Right Soonchon Min Mean Max Stdev COV
Time 8 642 663 6.68 1.03%
Cost 10391860113 10827934082 11116616403 93860680 0.87%
Right Doisun Min Mean Max Stdov COV
Time 620 641 660 6.18 0.96%
Cost 10476063813 10831682899 11112393218 8896674 0.82%
Figure 2-10: Time-cost scattergram for the right side of the main tunnel using one time simulation
assuming tunnels of equal lengths (Min, 2003)
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2.3.3 The L6tschberg Base Tunnel in Switzerland (Kollarou, 2002)
Tunnels and underground construction are becoming increasingly relevant. Tunnel construction
involves multiple factors, including material cost and management. Recycling excavated materials is
not generally considered in tunnel construction, however doing so can mitigate the cost and
environmental impact.
Switzerland has renewed its infrastructure network over the past 30 years. A major component is
the L6tschberg Base Tunnel which introduces a high performance rail link between the North and
South of Switzerland. The L6tschberg base tunnel is a 34.6 Km portion of the AlpTransit system
(Figure 2-11). The initial and final supports of the tunnel were to use excavated materials as
aggregates for the concrete and shotcrete. The materials were tested for consistency during
excavation and sorted as usable and unusable. What reuse is feasible depends on the geologic
conditions and on the excavation method. Four muck categories were identified (Einstein, 2003):
* Muck reusable for concrete aggregate, coming from drilling and blasting operations
* Muck reusable for shotcrete aggregate, coming from TBM operations
* Muck reusable for embankments and other fills
e Muck not reusable for construction purposes.
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Figure 2-11: AlpTransit in the Switzerland network (Kollarou, 2002)
The purpose of the DAT model was to simulate materials management of the southern portion of
the L6tschberg Base Tunnel, which consists of two parallel single-track tunnels. In order to run the
resources model, a new model was developed for the project based on the assumption that each of
the parallel tunnels was independent of the other (Figure 2-12). The results indicated that concrete
aggregate would have to be purchased unless alkali reactive materials could be used. The results
also indicated that the only simulation where excavation, initial, and final support could be
completed for both tunnels was the simulation that included the use of alkali reactive materials for
concrete production.
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Figure 2-12: Loetschberg Base Tunnel, South Side - Schematic of Tunnel Advances and Repositories Used
for Materials Management Simulations (Einstein, 2004)
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3 Number 7 Subway Line Extension Project
3.1 Overview
The subway remains New York's lifeline, a crucial factor, attracting business, creating jobs, and
sustaining its economic and physical vitality. Without the subway, it is unlikely that New York City
would have been able to remain the world's leader in finance, commerce, and culture over the past
century. The extension of the Number 7 Subway line is a large undertaking, with an ambitious goal
to redevelop the Hudson Yards area along with bringing more visitors to the Jacob Javits
Convention Center as well as the west side of Midtown Manhattan. Needless to say, such a project,
is affected by many different design considerations and challenges, as well as the possibility of cost
overruns and schedule delays. Among the many considerations are geological constraints,
construction methods, socioeconomic constraints, challenges faced during construction, and
construction impacts, as well as construction time and costs. Despite being such a project, the
Number 7 Subway has (as of early 2012) successfully remained within its allocated budget and
scheduled time. As construction has not been completed, the success of the project in revitalizing
the west side of Manhattan has yet to be determined, but one can already see that developers have
slowly begun moving into the west side of Manhattan. Funding for the project is being provided by
the city's two local development corporations-Hudson Yards Infrastructure Corporation, which is
contributing $2.1 of the $2.42 billion total estimated cost, and the Hudson Yards Development
Corporation, which is overseeing planning and development in the Hudson Yards; both were
created for the purpose of funding this project.
A large amount of the costs incurred during this project were due to some of the challenges faced
during construction, including but not limited to the mixed face ground condition at the tail tracks
of the tunnel, which required ground freezing in order for the TBM to tunnel through smoothly.
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Along with these construction costs came extra allocations of time to the construction schedule, due
to the time-sensitive processes of ground freezing and the many laborious tasks accompanying each
process. In fact, it may be argued that there is a direct correlation between construction time and
cost, delays in reaching milestones often escalating construction costs. Fortunately, the project was
noted as, "on time, on budget", by Mayor Bloomberg at the breakthrough ceremony of the second
TBM on July 16, 2010 (WSJ, 2010).
While the costs incurred for constructing infrastructure of this size will be substantial, the value of
the future economic development will be far greater. A major advantage to constructing this
project is the fact that it is essentially a "self-financing" structure: it will increase revenues not only
in terms of ridership, but also as a result of successful redevelopment of the Hudson Yard and of the
West Side of Manhattan.
New York City's Metropolitan Transit Authority (MTA) has nonetheless had to make some difficult
decisions regarding priorities for fund allocation as to what is crucial to the development of the
West Side and what may be left until additional funding is found. In fact, in 2007, after having
chosen a vertical alignment which would pass through the lower level of the 8th Avenue station and
require modification and lowering of the tail track structure, the MTA was faced with the decision
of whether to construct the shell for the station of the 10th Avenue station after having removed it
from the original plans (Figure 3-1). This would have meant opening up possibilities for future
development and the addition of a station at 10th Avenue and 41st Street. But as MTA spokesman
Jeremy Soffin put it, "While we would prefer to include a station at 10th Avenue, it is not critical to
the success of the overall project. If funding is identified at a later date we will revisit the issue"
(NYT, 2008).
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Figure 3-1: Tunnel Alignment with Proposed 10th Avenue Station
3.2 Project Geology
The following description of Manhattan geology relies heavily on information provided by the New
York Metropolitan Transit Authority, which includes a Geotechnical Baseline Report (GBR)
prepared by the design team of Parsons Brinckerhoff for the Number 7 Subway Extension Project
as well as other published literature. Manhattan is underlain by a complex assemblage of
metamorphic and igneous rocks, formed between the Proterozoic and Ordovician Ages. These
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rocks include gneiss, schist, marble, and granite. Overlying the bedrock is a soil layer consisting
mainly of fluvio-glacial and glacio-marine lacustrine drift and till (Shah, 2006). This soil cover is
composed of boulders, gravels, sand, silt, clays, and compressible soils. The fill that overlies the soil
cover is partly man-made as well as formed through natural phenomena over time. Much of New
York City has been constructed on filled, reclaimed land, especially around Lower Manhattan.
New York City is underlain by two main lithotectonic units: the Manhattan Formation to the west,
and the Hartland Formation to the east. The two formations are separated by the Cameron thrust
fault as shown in Figure 3-2, which extends from Connecticut through New York City and into
Southern New Jersey (Shah, 2006). The Manhattan Formation was formed by meta-sedimentary
deposits, while the Hartland Formation was formed by meta-igneous sedimentary activities of the
archipelago in the Iapetus Ocean. The Manhattan Formation includes metamorphosed rocks such
as Manhattan Schists, Fordham Gneiss, and Inwood dolomite-marble as well as other related
calcareous rocks. The Hartland Formation includes meta-igneous sedimentary rocks such as
granites, granitic gneisses, granodiorites, granodioritic gneisses, diorites, dacite, and hornblende
schists (Fluhr, 1969). In addition to the two principal units, New York City is also underlain by a
relatively small amount of ultramafic intrusive rocks known as Serpentine rocks, which are found in
all boroughs of Manhattan along fractures and fault planes.
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Figure 3-2: Cameron Thrust Fault
Image courtesy of: http://www.geo.sunysb.edu/lig/FieldTrips/JESCM1991b.htm
Manhattan's historic topography was largely controlled by bedrock geology. Its elongated ridges, as
shown in the topographic map of Manhattan before heavy urbanization (Figure 3-3), prepared by
Egbert L. Viele in 1865, shows ridges trending generally north-south in the vicinity of the project,
running parallel to the Hudson River shoreline.
37
Figure 3-3: Topographic Map of Project Site (Viele, 1865)
Image courtesy of: http://bldgblog.blogspot.com/2010/11/invisible-empire-of-sidewalks-and.html
The main sources of groundwater in New York City are the surrounding East and Hudson Rivers.
Additional sources of recharge include precipitation, leaking drains, and water lines (Shah, 2006).
Groundwater flow in the rock mass tends to follow open joints and fractures in the rock. The
complex nature of the groundwater flow through soil and rock makes dewatering more challenging
during construction of large projects such as subway tunnels.
Rocks in the region of the No. 7 Line Project show effects of thrusting and isoclinal folding,
intrusion, retrograde metamorphism, folding of earlier structures and fabrics, reactivation of
ductile faults, hydrothermal mineralization, and brittle normal faulting. Their complex lithology
and structure reflect the complex tectonic history (GBR, 2007). The project area experienced
several glaciations during the Pleistocene period. Pre- and post-glacial erosion strongly affected
bedrock topography, while differential erosion took place along contacts, shear zones, and areas
underlain by weak or fractured rock, resulting in an irregular bedrock surface.
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Based on subsurface investigations conducted on the project site, as well as other geotechnical data
compiled from 680 existing boreholes and collected from the Port Authority of New York & New
Jersey, Amtrak, the MTA Long Island Railroad, the NYC Department of Design and Construction, the
NYC Department of Transportation, and the US Postal Service, general ground characterizations
were made to determine the physical characteristics and principal soil and rock types that were
expected along the project alignment.
The thickness of overburden soils in the project area ranges from less than 5 feet to over 110 feet,
as shown in the tunnel profile (Figure 3-4). For a more detailed tunnel profile, please see Appendix
A. In general, the thickest overburden soils were found at the southern end of the project along
Eleventh Avenue, while the thinnest layer of overburden soils was found along 41st Street, at the
northeastern end of the alignment.
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The general overburden stratigraphy is composed of Stratum F - Fill, Stratum S - Silt/Clayey
Silt/Silty Sand, Stratum O/C - Organics/Clay, and Stratum T - Glacial Till/Decomposed Rock.
Stratum F consists of a heterogeneous mixture of mostly sand, with silt, gravel, and miscellaneous
debris. Stratum S consists of inorganic and Clayey SILT or Silty SAND. Stratum O/C consists of
organic Silty CLAY and organic SILT or Silty CLAY with occasional shell fragments. Stratum T
consists of coarse to fine SAND, little Silt to Clayey Silt with trace to some Gravel. This stratum also
contains cobbles and boulders (GBR, 2007).
The Number 7 Subway Line Extension Project consists of two main contracts: the Running Tunnels
and the 34th Street Station Cavern. This thesis focuses on the TBM-mined portion for the Running
Tunnels. As the Running Tunnels were to be mined mostly by TBM and permanently lined by pre-
cast segmental liners, many factors needed to be considered prior to the beginning of construction
in order to choose the best-fit machine.
TBM considerations include (GBR, 2007):
* the capability of excavating rock (based on drilling indices and cutter wear indices)
* the capability of advancing TBM through various zones and discontinuities (effects of
blocky and seamy rock as well as high water inflow)
e the capability of excavating the parallel tunnels through soft ground/mixed face conditions
including possible boulders
* the capability of excavating the parallel tunnels while maintaining the integrity of the rock
pillars between the two tunnels as they are constructed simultaneously (or staggered)
" the capability of controlling settlement of structures and deformation of the TBM tunnels
while passing under existing structures
e the capability of mining the Running Tunnel alignment as shown in contract drawings
(using an automated guidance system)
* the capability of drilling probe-holes ahead of the TBM (from within the machine)
e the capability of grouting ahead of the TBM (also from within the machine)
After much consideration, double shielded TBM, with a pre-cast concrete lining erector was chosen,
manufactured by Herrenknecht of Germany. The pre-cast segmental lining was chosen with a
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minimum inner diameter of 19'6" (Figure 3-5) and thickness of 3 feet, to accommodate
construction tolerances for machinery and other equipment.
(TRACK &TUNNEL
KEY SEGMENT
PRECAST
SEGMENTAL
TUNNEL LINER
TYPICAL BORED TUNNEL
WITH SEGMENTAL LINER
Figure 3-5: Pre-Cast Segmental Lining
Due to the low rock cover and close proximity of the Bus Ramp foundation at the Port Authority Bus
Terminal, ground improvement was required in order to permanently stabilize the ground under
the bus ramp. Additionally, the stability of the pillar between the adjacent TBM tunnels was of
concern near the Port Authority Bus Terminal and Bus Ramp, as their alignments came within mere
feet of one another.
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Figure 3-6: Tunnel Alignment from Existing Port Authority Bus Terminal to 11th Avenue Tail Tracks
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Another concern which required ground
improvement was the mixed face
condition which was encountered at the
section of the tail tracks on 11th Avenue,
between 26th and 28th Street (Figure 3-6).
Since the TBM has a tendency to follow
the path of least resistance, tunneling
through a mixed face ground would mean
a possible divergence from the planned
alignment. Thus, the contractor decided
to use ground freezing at the problem
areas and tunnel through it as if it were
Figu -solid rock. This had never been done
before and was quite a feat for the project.
However, it incurred an additional cost. The ground freezing process was an arduous one that took
a substantial amount of time and money, as continuous monitoring was crucial in order to properly
control the temperatures of the complex web of ground freeze pipes (as shown in Figure 3-7) at all
times and to ensure that there was minimal groundwater fluctuation, uniform heat transfer, and
complete circulation of coolant so that all pipes could reach and remain consistently below 0*C
before excavation could proceed. Depending on the size of the area requiring ground freezing and
what cooling chemical was utilized, the process took anywhere between 6 to 12 weeks
(Moretrench, 2012).
The initial design called for sections of the Running Tunnels to be enlarged by drilling and blasting
to form the 34th Street Station Cavern under Eleventh Avenue. Blasting would have been controlled,
keeping within ground vibration limits specified within contract documents. The excavation in the
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Cavern was planned to stop in order to allow for the tunnel boring machines to pass through,
mining in double shield mode, only installing rock bolts as temporary support. However, during
TBM assembly, excavation at the Cavern had progressed ahead of schedule and was awaiting TBM
breakthrough. A revised schedule was developed such that each TBM would arrive at the Cavern at
separate times, allowing the machines to be disassembled from their trailing gear and transferred
across the excavated Cavern without disturbing the concrete work being done in the Cavern. This
revised schedule allowed for progress to continue on schedule.
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4 DAT Model Input Parameters & Results
4.1 Geotechnical Classification
Construction of tunnels by TBM and drill-and-blast methods, as well as station cavern and open
excavations, are influenced by the behavior of the rock mass. Consequently, based on visual
characteristics, the rock mass was classified by a geotechnical engineer or engineering geologist
into three general categories: Rock Mass Class I, Rock Mass Class II, and Rock Mass Class III. The
following descriptions of rock mass classification have been extracted from Parsons Brinckerhoff's
Geotechnical Baseline Report, used in the Number 7 Subway Line Extension Project.
Rock Mass Class I consists of rock with joint spacing larger than 5 feet. Joint surfaces range from a)
planar, rough or irregular; b) smooth, undulating; to c) smooth, rough or irregular. Joint walls are
unaltered to slightly altered, with non-softening mineral coatings. Generally this rock mass is
considered massive to moderately jointed rock.
Rock Mass Class II consists of rock with joint spacing between 2 feet and 5 feet, as well as rock with
joint spacing larger than 5 feet but with observable planar weakness zones, or a joint set with
smooth or slickensided surfaces. Shear planes contain clay or disintegrated rock between surfaces,
with a thickness of less than 6 inches. Generally this rock mass is considered moderately jointed to
moderately blocky and seamy rock.
Rock Mass Class III consists of rock with joint spacing less than 2 feet, as well as rock with multiple
joint sets with smooth or slickensided surfaces, or multiple planar weakness zones with
disintegrated material between rock surfaces, or a single shear plane with a filling thickness greater
than 6 inches. Generally this rock mass is considered moderately blocky and seamy to very blocky
and seamy rock.
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In addition, the GBR provided ground characterization of the project site by sector (as indicated in
the tunnel profiles in Appendix A). Based on the descriptions, mixed face and soft ground
conditions were prevalent in Sector 1 and anticipated in Sector 7. Use of ground improvement was
planned for the construction of the Running Tunnels in the areas of low rock cover and mixed face
conditions.
Sectors 3, 4, 5, and 6 were noted as having high quartz content, slow drilling rates, and needing
frequent bit changes during the drilling of test borings. Since the Cavern Structure (constructed
separately from the Running Tunnels) was primarily in Sector 4 and part of Sector 5, Sector 4 was
omitted from the pool of data considered. Test borings from the subsurface investigations further
indicated that the Granite Rock Group possessed high Mohs hardness values due to the presence of
gneissic bands, often up to 3 feet thick, which were extremely hard and abrasive.
More specifically, Sector 3 ranges in composition from granodiorite to quartz diorite and quartz
monzonite, while Sector 6 ranges from granodiorite to quartz diorite to quartz monzonite to true
granite. Furthermore, the Schist Rock Group in Sector 3 includes biotite-hornblende schist, while in
Sector 5 it includes biotite-hornblende schist as well as mica schist. Biotite-hornblende schist is
abrasive due to its high quartz content as well as the presence of extremely hard minerals such as
garnet. These minerals are especially known to wear down cutter heads.
Aside from having less rock cover above the crown of the tunnel, Sectors 7, 8, and 9 have faint
gneissic banding in some areas as well as some biotite-hornblende schists and mica schists,
increasing the abrasiveness of the rock, all of which account for the slower rates in the later parts of
the tunnel.
Quantities of the Rock Groups to be encountered in the CC1 tunnel in each sector are summarized in
Table 4-1.
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Table 4-1: Rock Group Quantities in CC1 Sectors
Linear Feet Percentage of Rock Groups
Sector by Geologic Sectors*
of Tunnel Schist Granite Serpentinite
1 970 90 5 5
2 550 85 15 0
3 510 65 35 0
4 740 25 75 0
5 650 80 20 0
6 700 10 90 0
7 800 50 50 0
8 550 20 80 0
9 900 80 20 0
10 495 50 50 0
4.2 Data Interpretation
In order to obtain model parameters with associated uncertainties, the data of the tunnel boring
machine's (TBM) daily progress provided by the Metropolitan Transit Authority (MTA) was
thoroughly interpreted such that the tunnel geology could be modeled and simulated in terms of its
ground conditions-in this case, based on the lengths of each Rock Mass Class.
Precise lengths of each Structure, Sector, and Rock Mass Class were obtained through
measurements taken directly from the tunnel profile provided by the MTA. These lengths,
presented in Tables 4-2, -3, and -4 respectively, were then correlated with the non-zero mining
rates of the TBM's daily progress data such that each RMC within a sector included a range of
possible values of mining rates as shown in Appendix B.
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Table 4-2: CC1 Structure Locations by
Stationing
Structure -Stationing (ft)
Running Tunnels 131.41
294.558
Site A 294.558
(Running Tunnels) 338.817
338.817
Running Tunnels -.
1939.003
S. Interlocking 1939.003
Cavern 2077.522
2077.522
34th St Cavern
3035.855
N. Interlocking 3035.855
Cavern 3149.188
3149.188
Running Tunnels - - --- --8
6993.078
Table 4-3: CC1 Geologic Sector Locations by
Stationing
Geologic Sector Stationing (ft)
131.41
Sector 1 --- -- -
1099.373
1099.373Sector 2 -- - - -
1649.188
1649.188
Sector 3
2159.188
Sector 4
2899.373
2899.373
Sector 5
3549.003
3549.003
Sector 6
4248.818
4248.818
Sector 7
5048.633
5048.633Sector 8
5598.448
5598.448
Sector 9
6498.263
6498.263
Sector 10 -
6993.078
Table 4-4: CC1 Rock Mass Class Locations by Stationing
RMC Stationing (ft)
131.41
RMC III
199.74
199.74
RMC I
342.89
342.89
RMC 11
536.60
536.60
RMC III -
589.74
MFC/ 589.74
RMC 1i 784.74
784.74
RMC III
1209.37
1209.37
RMC II
1374.37
1374.37
RMC 1
1539.19
1539.19
RMC III
1649.19
1649.19
RMC --
1749.19
1749.19
RMC I P--
1814.37
1814.37
RMC 1 -
1849.19
1849.19
RMC Ill -11951.23
RMC Stationing (ft)
1951.23
RMC I
1990.11
1990.11
RMC I1
2059.19
2059.19
RMC I
2159.19
2159.19
RMC --
2189.19
2189.19
RMC -
2299.19
2299.19
RMC - -
2364.19
2364.19
RMC 1
2699.00
2699.00
RMC III
2734.00
2734.00
RMC 11 ---- ---
2824.00
2824.00
RMC III
2999.19
2999.19
RMC I -
3099,19
3099.19
RMC III
3259.19
*Note: Lengths shaded in grey represent the Cavern Structure, and are not considered in the Running Tunnels.
A plot of mining rates relative to the cumulative distance mined was generated in MATLAB (Figure
4-1), which provided a graphical representation of the variation in mining advance rates. A more
detailed breakdown of the plot may be found in Appendix C. Due to the limited number of data
points for each RMC segment length, which contained significant uncertainties, it was determined
that an overall mining rate should be computed for the three RMC categories instead of for each
individual segment of each RMC.
RMC Stationing (ft)
3259.19
RMC 1I
3419.19
3419.19
RMC I
3799.00
3799.00
RMC II
4044.00
4044.00
RMC I
4144.00
4144.00
RMC III
4248.82
4248.82
RMC II -
4488.82
4488.82
RMC III
4543.82
4543.82
RMC I
4773.63
4773.63
RMC III
4838.63
MFC/ 4838.63
RMC 1I1 4878.63
4878.63
RMC III
4918.63
MFC/ 4918.63
RMC Ill 4978.63
4978.63
RMC III
4998.63
RMC Stationing (ft)
4998.63
RMC I
5123.63
5123.63
RMC III
5206.60
5206.60
RMC 1I
5308.45
5308.45
RMC I
5453.63
5453.63
RMC II
5598.45
5598.45
RMC I
5823.45
5823.45
RMC II
5998.26
5998.26
RMC III
6448.26
6448.26
RMC Il
6498.26
6498.26
RMC I
6773.08
6773.08
RMC 11
6823.08
6823.08
RMC I
6993.08
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Figure 4-1: Mining Advance Rates Relative to Cumulative Distance Mined by TBM
As previously mentioned in Chapter 2, each activity and/or method is associated with two
equations, a cost equation, which contributes to the overall project cost, and a time equation, which
contributes to the overall time required to complete the project. These equations were defined
using method variables. Two variables were defined for each method: 1) advance rate and 2) cost.
The DAT uses four types of probabilistic distributions for its variables: the uniform distribution, the
triangular distribution, the bounded triangular distribution, and the lognormal distribution (Yost,
2012).
4.2.1 Determination of Advance Rate Variables
The triangular distribution (Figure 4-2), which is defined by three parameters-a minimum, modal,
and maximum value-was used in determining the probability distribution of the variables for
advance rates. Variations in mining advance rates were evident in the MATLAB-generated figure,
thus describing uncertainty for each advance rate variable. In order to determine the range of
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possible values, namely a minimum, modal, and maximum possible value, a set of mean values and
standard deviations were determined for each advance rate variable.
V
minimum mode mean maximum x
Figure 4-2: The Triangular Distribution Function
The triangular distribution shown in Figure 4-2 was obtained by approximating it from an
underlying normal distribution (Figure 4-3). As stated by Yost, one can convert normal distribution
to triangular distribution parameter values which minimize the squared error between itself and
the normal distribution (Yost, 2012). To do this, the lower bound must equal
Xiower = p - *6
while the upper bound must equal
Xupper = p+ -*
with a triangular mode equal to p.
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Figure 4-3: Normal Distribution Approximated with Triangular Distribution
*Note: The solid blue line represents the Gaussian (Normal) Distribution,
while the dashed red line represents the simple triangular approximation of the distribution.
The mean advance rates for each Rock Mass Class with their associated lower and upper bounds
are summarized in Table 4-5. As the distribution was assumed to be normal, the mean of the
advance rates is assumed to be the same as the mode.
Table 4-5: Advance Rates by RMC in ft/day
RMC Min Mode Max
RMC 1 -9.57 30.97 71.51
RMC II -4.87 28.79 62.44
RMC Il1 -9.95 33.27 76.49
Mixed Face -14.04 34.95 83.94
Upon further examination of initial RMC advance rate breakdowns, it was later noted that advance
rates in a portion of Sector 3, Sector 5, Sector 6, and Sector 7 showed slower rates of mining,
consistent with the geotechnical classifications previously described herein. Using expert
observation, advance rate variables were reduced to quartz-rich Rock Mass Classes and Rock Mass
Classes with little to no quartz present. With this, new advance rates were determined with
standard deviations, which provided minimum and maximum values for the parameters of a new
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triangular distribution. These new advance rates and their associated boundary values are
summarized in Table 4-6.
Table 4-6: Advance Rates by RMC (w/o and w/quartz) in ft/day
RMC Min Mode Max
RMC IA -6.28 34.60 75.49
RMC I1A -4.97 32.28 69.52
RMC lilA -9.70 34.55 78.80
Mixed Face -14.04 34.95 83.94
RMC IB -11.80 26.18 64.16
RMC IIB -3.07 25.70 54.47
RMC I1B -9.73 27.58 64.90
* Note: RMC I, II, and III A represents areas with little to no quartz present
while RMC I, II, and III B represents quartz-rich areas.
Note the negative minimum boundary values. These were initially set to zero; however, using zero
as a minimum bound for the DAT model would indicate zero feet of advancement, and thus the
model would never reach the next cycle of a given simulation, running the risk of being eternally
stuck in one spot. Furthermore, in the initial stages of data interpretation, points of zero
advancement were removed, as there was insufficient data indicating what work was done on those
days if no advancement was made. Thus negative values of the lower bound were changed to
values of "one", so that the least amount of advancement possible on any given day was one foot, as
shown in Table 4-7. Figure 4-4 shows the triangular distribution associated with the adjusted
lower bound.
Table 4-7: Adjusted Advance Rates by RMC in ft/day
RMC Rates (ft/day) Min Mode Max
RMC IA 1 34.6 75.5
RMC HA 1 32.3 69.5
RMC lilA 1 34.5 78.8
MFC 1 34.9 83.9
RMC IB 1 26.2 64.2
RMC IIB 1 25.7 54.5
RMC IIIB 1 27.6 64.9
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Figure 4-4: Adjusted Triangular Approximation of Normal Distribution
Using these values for advance rates for each differing Rock Mass Class, one construction method
was assigned to each Rock Mass Class, thus resulting in 7 different methods. Two method variables
were defined for each construction method: advance rate and cost.
The DAT apply each of the 14 variables to their respective equations, which are also defined by the
user, in order to obtain estimates of total time and total cost required for the project. These
equations are as follows:
Total Time = round lengtho/adv rate
Total Cost = cost * round length()
where roundlength() are lengths defined by the user and cost is the price per foot of that particular
segment. For this model, round length is defined as 1 and cycle number as 0 such that the DAT will
re-evaluate the method it is using every 1 foot and determine the time and cost for that round until
the ground class combination changes, usually at the end of an RMC segment.
The determination of the advance rates was fairly straightforward, as described in the previous
pages. In the following section, the method by which the cost and its range of values were
determined will be described.
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4.2.2 Determination of Cost Equation
As mentioned earlier, the variability of advance rates may be simulated by a normal distribution
such that a range of values including minimum, mode, and maximum advance rates may be
obtained. Variability in cost, on the other hand, is simulated by a lognormal distribution, which can
also be approximated by a triangle (Figure 4-5).
0 1 2 3 4 5 6
Figure 4-5: Lognormal Distribution Approximated with Triangular Distribution
*Note: the solid red line represents the Lognormal Distribution,
while the dashed blue line represents the simple triangular approximation of the distribution.
With only a final total cost provided for the construction of the Running Tunnels, the mode of the
cost was the most straightforward value to compute. Many assumptions had to be made. Knowing
a total cost for the construction of both tunnels, each tunnel being roughly the same length was
assumed. Using the known value of total cost per tunnel as well as advance rate in each RMC
segment, the amount of time that each segment required to complete was determined from the
segment length divided by the advance rate of that particular segment. A cost per day was then
found by dividing total cost by total time required. This number multiplied by the time required for
a particular RMC segment yielded the cost of constructing that segment. By dividing this cost by the
number of feet in the segment, a cost per foot of a particular RMC was obtained. The final equation
for obtaining cost per foot of any given RMC segment is as follows:
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Total Cost
Cost per Foot = (Total Time) x (Advance Rate)
A more detailed derivation for this simple equation may be found on the following pages.
The intent was to move toward an equation of the form
Cost per foot [A] Cost [$]
Length [ft]' cost = f (advance rate)
where cost is a function of advance rate.
To do so, the completion time for each segment was to be found using the following equation:
Segment Completion Time, T, [days] =
Segment Length [ft]
Mining Advance Rate day
where segment length was known from stationing and the average values of mining advance rates
were previously calculated. With this, the total time can be obtained. This sum of times obtained
using average advance rates was then divided into the total cost as follows:
$M Total Cost [$M]
day Total Time [days]
Having obtained a numerical value for the cost per day of construction, the cost for each segment
was calculated using the following equation:
$M
Cost of Segment, Cs [$M] = Ts [days] * Cd [day
where T, is the time required to complete the segment, and Cd is the cost per day to complete that
segment. This cost was then divided by the length of the segment in order to calculate the cost per
foot.
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$M Cost of Segment [$M]
Cost per foot of Segment [ ] = Segment [f]ft Segment Length [ft]
Table 4-8 shows the times and values of cost calculated for each segment.
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Table 4-8: Rock Mass Lengths, Rates, Times, and Costs
Sector Rock Mass Length Cumulative Rate lime Cost of Cost/Ft ofClass (ft) Length (ft) (ft/day) (days) Segment ($M) Segment ($M)
RMC Il1 53.1 53.15 34.5 1.5 0.9 0.0174
1 MFC/RMC Ill 195.0 248.15 34.9 5.6 3.3 0.0172
RMC Ill 307.5 555.65 34.5 8.9 5.3 0.0174
RIMC III 117.1 672.75 34.5 3.4 2.0 0.0174
2 RIMC II 165.0 837.75 32.3 5.1 3.1 0.0186
RMC I 164.8 1002.56 34.6 4.8 2.9 0.0173
RIMC 11I 110.0 1112.56 34.5 3.2 1.9 0.0174
RMC II 100.0 1212.56 32.3 3.1 1.9 0.0186
RIMC I 65.2 1277.75 34.6 1.9 1.1 0.0173
3
RMC 11 34.8 1312.56 32.3 1.1 0.6 0.0186
RMC 1I1 102.0 1414.60 27.6 3.7 2.2 0.0217
RMC 11 160.0 1574.60 25.7 6.2 3.7 0.0233
5
RMC I 129.7 1704.30 26.2 5.0 3.0 0.0229
RMC I 250.1 1954.42 26.2 9.6 5.7 0.0229
RMC |1 245.0 2199.42 25.7 9.5 5.7 0.02336
RMC I 100.0 2299.42 26.2 3.8 2.3 0.0229
RMC 111 104.8 2404.23 27.6 3.8 2.3 0.0217
RMC 11 240.0 2644.23 25.7 9.3 5.6 0.0233
RMC 1i1 55.0 2699.23 27.6 2.0 1.2 0.0217
RMC I 229.8 2929.05 34.6 6.6 4.0 0.0173
RMC III 65.0 2994.05 34.5 1.9 1.1 0.0174
7
MFC/RMC 1I1 40.0 3034.05 34.9 1.1 0.7 0.0172
RMC 111 40.0 3074.05 34.5 1.2 0.7 0.0174
MFC/RMC 1I1 60.0 3134.05 34.9 1.7 1.0 0.0172
RIMC 111 20.0 3154.05 34.5 0.6 0.3 0.0174
RMC I 125.0 3279.05 34.6 3.6 2.2 0.0173
RMC Ill 83.0 3362.01 34.5 2.4 1.4 0.0174
8 RMCI11 101.9 3463.86 32.3 3.2 1.9 0.0186
RMC I 145.2 3609.05 34.6 4.2 2.5 0.0173
RIMC II 144.8 3753.86 32.3 4.5 2.7 0.0186
RIMC I 225.0 3978.86 34.6 6.5 3.9 0.0173
RIMC II 174.8 4153.66 32.3 5.4 3.2 0.01869
RIMC III 450.0 4603.66 34.5 13.0 7.8 0.0174
RMnCII 50.0 4653.66 32.3 1.5 0.9 0.0186
10 RMnC I 38.6 4692.22 34.6 1.1 0.7 0.0173
Total 4692.22 Total 150 90
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Note that from Table 4-8, the sum of time required for construction of the Running Tunnels is 150
days. This is quite close to the number of 154 days observed in the TBM progress data excluding
days with zero advance rates (i.e., not including any days where the machine did not advance either
due to machine maintenance or other such factors).
For simplicity, prior to determining ranges of values with uncertainty, a baseline value was
estimated for the duration of tunneling without incorporating a cost (Figure 4-6). This step
ensured that any gross errors in the model would be readily detected. Having confirmed that the
time was realistic, the range of costs was then calculated within a reasonable range.
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Figure 4-6: N = 50 Simulations. Final Cost vs Time Baseline Plot with Cost Variable = 1
Note that although 50 Monte Carlo simulations were run, only one point was generated. This is
because the model used deterministic values; thus each simulation yielded the same result-total
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0
duration = 150.05 days, total cost = $4692.2 million-assuming a cost of $1M/ft. This is consistent
with the total time determined by summing the number of days for each length of an RMC using the
mean advance rates as previously described, as well as (and consistent with) the total cost for the
total length of the tunnel, assumed to be approximately 4692 feet. Using the above-mentioned
equations, the modal value of cost was determined from the assumed total cost of $90M for a total
duration of 150 days.
Ideally, a distribution would be determined for possible values of total costs and total durations.
Unfortunately, given a significant lack of detailed cost data, the minimum and maximum values of
cost could not be determined in a similar manner. Instead, they were approximated based on
advance rate ratios relative to the mode, obtaining minimum costs from high advance rates and vice
versa. Assuming that cost variability is modeled by lognormal and corresponding triangular
distributions, the minimum and maximum costs per foot were thereby obtained and are
summarized in Table 4-9.
Table 4-9: Minimum, Mode, and Maximum Costs per Foot of RMC Segments
Cost/Foot ($M) Min Mode Max
RMC IA 0.0079 0.0173 0.5987
RMC IDA 0.0086 0.0186 0.6004
RMC lilA 0.0076 0.0174 0.6012
MFC 0.0072 0.0172 0.6011
RMC 1B 0.0093 0.0229 0.5995
RMC 11B 0.0110 0.0233 0.5987
RMC 111B 0.0092 0.0217 0.5986
These values of cost per foot are indirect determinations of cost. In fact, the determination of cost
per day was an artifact, as this value would change based on the total cost estimated for project
completion. The correct way to obtain values for cost would be to calculate the mode, the
minimum, and the maximum based on corresponding total costs, then to use these values to
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compute the actual cost per linear foot at each associated advance rate, resulting in pairs of cost
and time. As a matter of fact, this approach should be applied to obtain all pairs of cost and time
(not only for the mode and the extremes). Since this cost computation is an artifact and due to time
constraints, only the minimum, mode, and maximum values of cost and time were calculated using
external methods (Excel) and are plotted in Figure 4-7. Please see Appendix D for calculations of
these extremes.
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Figure 4-7: Minimum, Mode, and Maximum Values of Final Cost vs. Time
The values shown are: Min Cost = $40.1M, Time = 67 days;
Mode Cost = $90M, Time = 150 days;
Max Cost = $2814.6 M, Time = 4692 days
Note that this plot does not show the entire distribution obtained but only shows the mode and
extremes. The plot also reflects the underlying lognormal distribution with a long tail in the
direction of high cost and time.
If there were more data available, it would be possible to further break down the RMC rates by
more detailed sector segments, as there was a tendency for lower advance rates in later sections of
the tunnel due to the gneissic banding and the biotite-hornblende. These two rock types have
higher abrasivity and therefore increase the need for cutter head change and machine maintenance.
62
4.3 Results
Using the input parameters extracted previously, multiple simulations were run with the DAT,
which generated distributions of total cost and time based on input parameters that were either
deterministic (certain) or semi-deterministic (one variable is certain, the other has uncertainties).
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Figure 4-8: N=1000 Simulations. Final Cost vs Time - Deterministic Model
In Figure 4-8, for all 1000 simulations run by the DAT, each simulation generates the same point,
approximately at x = 150.05 days and y = $89.98 million. Only one point is obtained due to the fact
that the deterministic model does not produce any uncertainty by using the average advance rate
and cost per linear foot as deterministic input.
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Figure 4-9: N=50 Simulations. Final Cost vs Time - Semi-Deterministic Model (Time Variance)
Figure 4-9 shows a constant cost of approximately $90M and a large range of possible values for
duration ranging from about 95 days to 300 days. The mean total time is 176 days, which is higher
than the previously calculated deterministic mean of 150 days. This result is the consequence of
using uncorrelated times, whereby a larger number of simulations produces a normal distribution
with an elevated mean. The shift of the mean occurs as a result of the larger number of longer
times.
It needs to be mentioned that Figure 4-7 also presents a result showing the possible extremes of
cost and time using the observed extremes of the advance rates and of the derived cost per linear
foot.
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5 Conclusions
The most common problem of large construction projects is their tendency to run over budget and
beyond their allotted time. It is crucial that project planners are able to make estimates that
consider the inherent uncertainties that lead to such overruns. Underground construction projects
are particularly susceptible to budget and time miscalculations due to the many uncertainties
affecting them. The factors that contribute to this include the limited predictability of ground
conditions, potential presence of large quantities of water, and limited working space. It is therefore
important to make cost and time estimates that take into account uncertainties related to these and
other factors.
The engineering processes involved in identifying and treating uncertainties have changed with
time. What began as simple interpretation of field exploration has progressed to the development
of deterministic and probabilistic models that can simulate different geologic and construction
conditions. The process of determining and simulating uncertainties for tunnel projects benefits
from the use of the Decision Aids for Tunnelling (DAT) (Einstein, 2001).
In this thesis, the currently ongoing Number 7 Line extension in New York City is analyzed using the
DAT in the hopes of better understanding the uncertainties of such projects. Based on the geologic
conditions of Manhattan, it was determined that rock mass quality controlled the TBM advance
rate. The presence of quartz had an additional effect. Geologic/geotechnical profiles prepared by
Parsons Brinckerhoff were used to estimate relevant geologic conditions and their probabilities.
The observed advance rates were related to the geologic conditions and their variations, the latter
reflecting geologic and construction uncertainties. The variations in advance rates were
represented with a normal distribution. This was then simplified to a triangular distribution. Cost
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variation is unlike advance rate variation, in that it was simulated using a lognormal distribution;
this again can be simplified with a triangular distribution.
Only the final cost was provided by the MTA. Thus costs per linear foot could only be estimated
using the DAT for the modal advance rate and had to be separately calculated for minimum and
maximum extremes.
Nevertheless, satisfactory results were obtained, showing that the DAT and related computations
can be used to predict time and cost with associated uncertainties. Specifically, the predicted total
time ranges from 67 days to 4692 days with a modal value of 150 days, while cost ranges from $40
million to $2815 million with a modal value of $90 million. These modal values correspond well to
the actual time (154 days) and cost ($90 M) as they should, since this was the basis for the input. It
should be noted that the obtained minima and, particularly, the maxima are not very realistic. The
maximum time and cost were obtained by utilizing the minimum advance rate and the maximum
cost per foot throughout the entire tunnel. Engineers applying these tools in a real case would
estimate these extremes based on their experience.
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Appendix A -
Detailed CC1 Tunnel Profile
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SEE CONTRACT DWGS AND GEOTECHNICAL
DATA REPORT.
2. LOCATIONS AND EXTENT OF ROCK MASS
CLASSES SHOWN ARE APPRDOXIMATE. S E
CHAPTER 8 OF THIS GEDTECHNICAL BASELINE
REPORT FOR BASELINE CONDITIONS.
3. FOR BASELINE ORDER OF PRECEDENCE
SEE CHAPTER 8 OF THE GEDTECRNICAL
BASELINE REPORT.
LEGEND:
EXISTING GROUND
TOP OF ROCK
ABBREVIATIONS:
RMC I ROCK MASS CLASS I
RU I1 ROCK MASS CLASS 11
RIE III - ROCK MASS CLASS III
wC 8MC III MIRED FACE CONDITIONS
AND ROCK MASS CLASS III
SCALE IN FEET
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CC1-38-00 CC' 39-00 CCI-40.00 CCI-41-00 CCI-42.00 CC1-43.00 C-44-00 CCI-45-00
STRUCTURE RUNNING TUNNELS
GEOLOGIC SECTOR SECTOR 6 SECTOR 7
ROCK MASS CLASS RMC 11 RMC I RMC III RMC 11 RMC
L RMC I
NOTES:
1. FOR BORING LOCATIONS AND RECORDS
SEE COTRAC T DIGS AND GEOTECHNICAL
DATA REPORT .
2. LOICATIONS 4140 EXTENT OF 140CR MASS
CLASSES SHORN ARE APPROXIMATE. SEE
CHAPTER 8 OF THIS GEOTECHNICAL BASELINE
REPORT FOR BASELINE CONDITIONS.
3. FOR BASELINE ORDER OF PRECEDENCE
SEE CHAPTER a OP THE GEDTECHNICAL
BASELINE REPORT.
LEGEND:
EXISTING ROUND
- 0-TOP OF ROCK
ARREY AT IONS:
RMC I ROCK MASS CLASS I
R11AC - ROCK MASS CLASS 11
RUE III ROCK MASS CLASS III
NEC/'RU III MIXED FACE CONADITIONS
614D ROCK MASS CLASS III
SCALE IN FEET
VERT:
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STRUCTURE RUNNING TUNNELS
GEOLOGIC SECTOR SECTOR 7 SECTOR 8
ROCK MASS CLASS RMC I RMC ilRMC I RMC I RMC III RMC 11 RMC I RMC I
NOTE 5
I . FOR BORING LOCATIONS AND RECORDS
SEE CONTRACT 0805 AND SEOTECANICAL
DATA REPORT.
2. LOCATIONS AND EXTENT OF ROCK MASSCLASSES SHOW ARE APPROXIMATE. SEE
CAAPTER a OF TIS D EOTECHNICAL BASELINE
REPORT FOR BASELINE CONDIITIONBS.
3. FO BASELINE ORDER OF PRECEDENCE
SEE CHAPTER 0 OF THE GEOTECHNICAL
BASELINE REPORT.
LEGEND:
EXISTING GROUND
TOP OF ROCK
ABBREVIATIONS:
MCI ROCK MASS CLASS I
RME 11 ROCK MASS CLASS 11
RMC )ifI ROCK MASS CLASS III
MFCIRMO 11, MIXED FACE CONDITIONS
AND ROCK MASS CLASS III
SCALE IN FEET
VERT;1
20 1D' 0 20 40'
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HORIZ -
40 20 0 40 80
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STRUCTURE RUNNING TUNNELS
GEOLOGIC SECTOR SECT.8 SECTOR 9 pECT. 1
ROCK MASS CLASS RMC 11 RMC I RMC It RMC III RMC 11 RMC I
NOTESz
1. FOR BORING LOCATIONS AND RECORDS
SEE CONTRACT DGS AND GEOTECHNICAL
DATA REPORT.
2. LDCATION AND EXTENT OF ROCK MASS
CLASSES SHOU ARE APPROX IMATE. SEE
CHAPTER a OF THIS GEOTECANICAL BASELINE
REPORT FOR BASELINE CONDITIONS.
3. FOR BASELINE ORDER OF PRECEDENCE
SEE CHAPTER 9 OF OR SEOTECRBICAL
BASELINE REPORT.
LEGEND:
EXISTING GROUND
TOP OF ROCK
ABBREVIATIONS:
RC I ROCK MASS CLASS I
RAR I ROCK MASS CLASS IllRNC ROC MASS CLASS
MFC/RMC III MIXED FACE CONDIT IDNSAND ROCK MASS CLASS III
SCALE IN FEET
VERTt
20' 10' 0 20' 40'
SCALE N FEET
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STRUCTURE RUNNING TUNNELS
GEOLOGIC SECTOR SECTOR 10
ROCK MASS CLASS RMC I RMC 111 RMC I
NDTES:
i. FOR BORING LOCATIONS AND RECORDS
SEE CONTRACT DOGS AND GEOTECHNICAL
DATA REPORT.
2. LOCATIONS AND EXTENT OF ROCK MASS
CLASSES WOON ARE APPROXIMATE. SEE
CHAPTER 8 OF THIS GEOTECHNICAL B SELINE
REPORT FOR BASELINE CONDITIONS.
3. FOR BASELINE ORDER OF PRECEDENCE
SEE CHAPTER S OF THE GEOTECHNICAL
BASELINE REPORT.
LEGEND:
EXISTING GROUND
TOP OF ROCK
ABBREVIATIONS:
RMC I - ROCK MASS CLASS I
RM C 11 ROCK MASS CLASS 
RMC III ROCK MASS CLASS III
MFC RME III -MIXED FACE CONDITIONAS
AND ROCK MASS CLASS III
SCALE IN FEET
VERT:
20 10 0 20' 40
SCALE MA FEET
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... ... ... .. ...........
180
170
160
150
14C
120
100)
i0
-20
-40
Appendix B -
Range of Rock Mass Class Advance Rates
TBM Advance Rates (in ft/day) Arranged by Rock Mass Class
Sector 1
Jill
MF 8.88
14.49
24.98
40.02
25.96
38.47
35.82
Mean 26.9457
Min 8.88
Max 40.02
SD 12.03361
li1 29.33
30.65
31.21
17.31
41.77
35.12
39.17
36.43
3.62
10.89
40.13
Mean 28.6936
Min 3.62
Max 41.77
SD 12.6432
Sector 2
||| 30.14
64.99
35.13
Mean 43.42
Min 30.14
Max 64.99
SD 18.84611
|| 15.06
40
4.76
45.4
34.91
35.23
Mean 29.2267
Min 4.76
Max 45.4
SD 15.7816
I 9.89
35.14
50.1
30.06
Mean 31.2975
Min 9.89
Max 50.1
SD 16.6144
I1 49.97
15.03
65.23
Mean 43.41
Min 15.03
Max 65.23
SD 25.7349
Sector 3
|| 32.61
47.55
10.07
Mean 30.0767
Min 10.07
Max 47.55
SD 18.8681
I 39.97
30.08
Mean 35.025
Min 30.08
Max 39.97
SD 6.99329
III 45.03
li1 25.03
45.68
6.84
42.42
Mean 29.9925
Min 6.84
Max 45.68
SD 17.89981
Sector 5
|| 2.13
9.18
35.12
20.44
24.62
35.05
35.11
Mean 23.0929
Min 2.13
Max 35.12
SD 13.3817
I 35.04
30.03
20.07
40.1
5
1.58
Mean 21.97
Min 1.58
Max 40.1
SD 15.9488
Sector 6
I 48.44
30.1
14.71
35.03
10.17
39.76
1.55
38.24
18.23
Mean 26.2478
Min 1.55
Max 48.44
SD 15.7192
|| 35.59
29.26
15.96
42.87
27.17
10.39
22.74
38.05
28.08
2.46
Mean 25.257
Min 2.46
Max 42.87
SD 12.657
1 44.76
8
37.18
39.42
Mean 32.34
Min 8
Max 44.76
SD 16.5353
1I1 30.84
39.89
5.5
Mean 25.41
Min 5.5
Max 39.89
SD 17.8264
TBM Advance Rates (in ft/day) Arranged by Rock Mass Class (cont'd)
Sector 7
II 27.67
42
30.96
27.04
26.23
30.03
26.35
5.47
38.15
Mean 28.2111
Min 5.47
Max 42
SD 10.1611
III 36.45
15.61
Mean 26.03
Min 15.61
Max 36.45
SD 14.7361
I 55.44
39.85
39.97
46.44
20.53
Mean 40.446
Min 20.53
Max 55.44
SD 12.8255
III 53.98
16.01
Mean 34.995
Min 16.01
Max 53.98
SD 26.8488
MF 50.42
I1l 29.7
MF 75.49
111 10
75.18
Mean 42.59
Min 10
Max 75.18
SD 46.0892
Sector 8
25.33
24.81
Mean 25.07
Min 24.81
Max 25.33
SD 0.3677
III 49.81
29.84
5.94
69.73
Mean 25.0794
Min 5.94
Max 69.73
SD 27.31271
IF 20.02]
I 55.15
2.5
12.48
38.14
26.79
45.02
Mean 30.0133
Min 2.5
Max 55.15
SD 19.9894
II 24.97
20.31
60.1
9.51
Mean 28.7225
Min 9.51
Max 60.1
SD 21.8976
Sector 9
I 45.67
29.32
75.25
36.96
43.01
Mean 46.042
Min 29.32
Max 75.25
SD 17.4968
II 37.2
43.5
16.64
44.43
21.76
38.33
Mean 33.6433
Min 16.64
Max 44.43
SD 11.6486
Il1 22.58
52.94
25.08
45.19
34.34
15.39
60.18
10.34
39.86
40.22
34.19
14.75
25.61
Mean 32.3592
Min 10.34
Max 60.18
SD 15.1783
II 40.3
54.7
Mean 47.5
Min 40.3
Max 54.7
SD 10.1823
81
Sector 10
I ::7.21
Appendix C -
Detailed MATLAB Plot of
Variation in Advance Rates
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The following graphs use the axes system as shown below:
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Appendix D -
ExcelSpreadsheetof
Final Cost & Time Extremes
91
Minimum Time - Minimum Cost Calculations
Rock Mass Length Cumulative Rate Time Cost of Cost/Ft of
Sector Class (ft) Length (ft) (ft/day) (day) Segment ($M) Segment ($M)
RIMC 111 68.3
RMC I 143.1
RIMC 11 193.7
RMC Ill 53.1 53.15 78.8 0.7 0.4 0.0076
MFC/RMC Ill 195.0 248.15 83.9 2.3 1.4 0.0072
RMC I11 307.5 555.65 78.8 3.9 2.3 0.0076
RMC Il1 117.1 672.75 78.8 1.5 0.9 0.0076
RIMC II 165.0 837.75 69.5 2.4 1.4 0.0086
2
RMC I 164.8 1002.56 75.5 2.2 1.3 0.0079
RIMC I11 110.0 1112.56 78.8 1.4 0.8 0.0076
RMC 11 100.0 1212.56 69.5 1.4 0.9 0.0086
RMC I 65.2 1277.75 75.5 0.9 0.5 0.0079
3
RMC 11 34.8 1312.56 69.5 0.5 0.3 0.0086
RMC I1 102.0 1414.60 64.9 1.6 0.9 0.0092
RIMC I 38.9
RMC|| 69.1
RMC I 100.0
RMC II 30.0
z RMC I 110.0
RMC II 65.0
RMC I 334.8
RMC Ill 35.0
RMC 11 90.0
RMC Ill 175.2
RMC 1I 100.0
RMC Il1 160.0
92
Sector Rock Mass Length Cumulative Rate Time Cost of Cost/Ft 
of
Sector Class (ft) Length (ft) (ft/day) (day) Segment ($M) Segment ($M)
RMC 11 160.0 1574.60 54.5 2.9 1.8 0.0110
5
RMC I 129.7 1704.30 64.2 2.0 1.2 0.0093
RMC I 250.1 1954.42 64.2 3.9 2.3 0.0093
6 R MC 1I 245.0 2199.42 54.5 4.5 2.7 0.0110
RMC 1 100.0 2299.42 64.2 1.6 0.9 0.0093
RMC 111 104.8 2404.23 64.9 1.6 1.0 0.0092
RMC 11 240.0 2644.23 54.5 4.4 2.6 0.0110
RMC Il1 55.0 2699.23 64.9 0.8 0.5 0.0092
RMC I 229.8 2929.05 75.5 3.0 1.8 0.0079
RMC 1I1 65.0 2994.05 78.8 0.8 0.5 0.0076
7
MFC/RMC Ill 40.0 3034.05 83.9 0.5 0.3 0.0072
RMC Il 40.0 3074.05 78.8 0.5 0.3 0.0076
MFC/RMC III 60.0 3134.05 83.9 0.7 0.4 0.0072
RMC III 20.0 3154.05 78.8 0.3 0.2 0.0076
RMC I 125.0 3279.05 75.5 1.7 1.0 0.0079
RMC Ill 83.0 3362.01 78.8 1.1 0.6 0.0076
8 RMC 11 101.9 3463.86 69.5 1.5 0.9 0.0086
RMC I 145.2 3609.05 75.5 1.9 1.2 0.0079
RMC 11 144.8 3753.86 69.5 2.1 1.3 0.0086
RMC I 225.0 3978.86 75.5 3.0 1.8 0.0079
RIMC II 174.8 4153.66 69.5 2.5 1.5 0.00869
RMC Il1 450.0 4603.66 78.8 5.7 3.4 0.0076
RMC II 50.0 4653.66 69.5 0.7 0.4 0.0086
RMC I 38.6 4692.22 75.5 0.5 0.3 0.0079
RMC 1 236.2
10
RMC II 50.0
RMC I 170.0
Total 66.93 days $40.1 M
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Maximum Time - Maximum Cost Calculations
Sector Rock Mass Length Cumulative Rate Time Cost of Cost/Ft ofClass (ft) Length (ft) (ft/day) (day) Segment ($M) Segment ($M)
RMC 1i1 68.3
RIMC I 143.1
RIMC 11 193.7
RMC 111 53.1 53.15 1.0 53.1 32.0 0.6012
MFC/RMC Il1 195.0 248.15 1.0 195.0 117.2 0.6011
RMC Ill 307.5 555.65 1.0 307.5 184.9 0.6012
RMC III 117.1 672.75 1.0 117.1 70.4 0.6012
RMC II 165.0 837.75 1.0 165.0 99.1 0.6004
2
RMC I 164.8 1002.56 1.0 164.8 98.7 0.5987
RIMC 11I 110.0 1112.56 1.0 110.0 66.1 0.6012
RMC |1 100.0 1212.56 1.0 100.0 60.0 0.6004
RIMC I 65.2 1277.75 1.0 65.2 39.0 0.5987
3
RIMC 11 34.8 1312.56 1.0 34.8 20.9 0.6004
RMC 1I1 102.0 1414.60 1.0 102.0 61.1 0.5986
R MC I 38.9
R MC II 69.1
RMC I 100.0
RMC II 30.0
z RMC I 110.0
RMC Il 65.0
RMC I 334.8
RMC 111 35.0
RMC 11 90.0
RMC Ill 175.2
RMC 11 100.0
RMC Ill 160.0
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Sector Rock Mass Length Cumulative Rate Time (day) Cost of Cost/Ft ofClass (ft) Length (ft) (ft/day) Segment ($M) Segment ($M)
RMC 11 160.0 1574.60 1.0 160.0 95.8 0.5987
5
RMC I 129.7 1704.30 1.0 129.7 77.8 0.5995
RMC 1 250.1 1954.42 1.0 250.1 149.9 0.5995
6 RMC |1 245.0 2199.42 1.0 245.0 146.7 0.5987
RMC 1 100.0 2299.42 1.0 100.0 60.0 0.5995
RMC III 104.8 2404.23 1.0 104.8 62.7 0.5986
RMC 1I 240.0 2644.23 1.0 240.0 143.7 0.5987
RMC 1I1 55.0 2699.23 1.0 55.0 32.9 0.5986
RMC I 229.8 2929.05 1.0 229.8 137.6 0.5987
RMC Ill 65.0 2994.05 1.0 65.0 39.1 0.6012
7
MFC/RMC III 40.0 3034.05 1.0 40.0 24.0 0.6011
RMC 1i1 40.0 3074.05 1.0 40.0 24.0 0.6012
MFC/RMC 111 60.0 3134.05 1.0 60.0 36.1 0.6011
RIMC 111 20.0 3154.05 1.0 20.0 12.0 0.6012
RMC I 125.0 3279.05 1.0 125.0 74.8 0.5987
RMC 1I1 83.0 3362.01 1.0 83.0 49.9 0.6012
8 RIMC II 101.9 3463.86 1.0 101.9 61.1 0.6004
RMC I 145.2 3609.05 1.0 145.2 86.9 0.5987
RIMC II 144.8 3753.86 1.0 144.8 86.9 0.6004
RMC I 225.0 3978.86 1.0 225.0 134.7 0.5987
RIMC II 174.8 4153.66 1.0 174.8 104.9 0.6004
9
RMC Ill 450.0 4603.66 1.0 450.0 270.5 0.6012
RMC II 50.0 4653.66 1.0 50.0 30.0 0.6004
RMC I 38.6 4692.22 1.0 38.6 23.1 0.5987
RMC I 236.2
10
RMCI1 50.0
RMC I 170.0
Total 4692.2 days $2814.6 M
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